Exploiting non-orthogonal multiple access in downlink coordinated
  multipoint transmission with the presence of imperfect channel state
  information by Murti, Fahri Wisnu et al.
Received xxx; Revised xxx; Accepted xxx
DOI: xxx/xxxx
RESEARCH ARTICLE
Exploiting non-orthogonal multiple access in downlink
coordinated multipoint transmission with the presence of
imperfect channel state information
Fahri Wisnu Murti | Rahmat Faddli Siregar | Soo Young Shin*
1Dept. of IT Convergence Engineering,
Kumoh National Institute of Technology,
South Korea
Correspondence
*Soo Young Shin. Email:
wdragon@kumoh.ac.kr
Present Address
Wireless and Emerging Networks System
(WENS) Lab., Dept. of IT Convergence
Engineering, Kumoh National Institute of
Technology (KIT), 39177, Gumi, South
Korea.
Summary
The downlink coordinated multipoint (CoMP) transmission system with non-
orthogonal multiple access (NOMA) is presented to enhance downlink capacity.
Since perfect knowledge of a channel is not always available in practice, imperfect
channel state information (CSI) needs to be considered in downlink CoMP with
NOMA. In this paper, imperfect CSI is modeled with channel estimation error, where
a priori of variance of the error estimation is known. Instead of a specific number of
coordinated base stations (BSs), a downlink CoMP NOMA with 퐵 coordinated BSs
is proposed. Further, the ergodic capacity of the cell-center user (CCU), and the cell-
edge user (CEU), as well as their sum capacity are analyzed, derived as closed forms,
and validated by simulations in both perfect CSI and imperfect CSI with channel esti-
mation error. The result shows that CoMPNOMAoutperforms the CoMP orthogonal
multiple access (OMA) capacity, where channel estimation error degrades the perfor-
mance of both CoMPNOMA and CoMPOMA. In CoMPNOMA, it is noted that the
impact of channel estimation error is less significant at CEU compared to that at CCU,
due to the utilization of the incoming signals from all the coordinated BSs. Addi-
tionally, by exploiting non-orthogonal channel, the sum capacity of CoMP NOMA
still can be improved with an increase in coordinated BSs. It is also demonstrated
that CEU needs to be allocated with much higher power than CCU to maintain their
capacity simultaneously. Finally, the performance analysis is successfully validated
through the close accordance between the analytical and simulation results.
KEYWORDS:
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1 INTRODUCTION
The upturn trend in multimedia applications and massive connections such as Internet of Things (IoT), require enormous data
traffic, which motivates further research for the next generation wireless technology, i.e., 5G to fulfill the capacity demand.
Compared to 4G, 10 to 100 data rate enhancements are demanded for 5G1. To fulfill this requirement, researchers come together
to design the framework and standardization of 5G2–5. Among all of the 5G candidates, non-orthogonal multiple access (NOMA)
has become a potential candidate due to its high spectral efficiency6–9. In addition to the benefit of high spectral efficiency,5
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2NOMAhas been considered as essential scheme to support massive connectivity such as IoT, that can not be effectively supported
by orthogonal multiple access (OMA) scheme10,11.
In NOMA, two or more users are paired/grouped together and allocated different power within the same resource, which can
be of the frequency, time, or spreading code. Further, the signals are superimposed and multiplexed into the power domain. In
downlink NOMA, the interference cancellation techniques such as successive interference cancellation (SIC) is performed at the10
high channel gain user to remove the signals from the lower channel gain users. At lowest channel gain user, the user does not
perform SIC and decodes its own signal by considering the higher channel gain users as noise6,7. By sharing the same resource,
either each user or/and the overall system can obtain significant capacity. In NOMA, power allocation and user grouping scheme
play an important role to significant capacity improvement, otherwise, an insufficient scheme can also lead to performance
degradation6–9.15
The single cell NOMA has drawn convincing attention, while the research on multi-cell scenario still did not get much
attention12. Moreover, interference from the other cells can also lead to performance degradation13. Therefore, interference
management considering the interference from multi-cell scenario, is also required to investigate. The previous technology, i.e.,
coordinated multipoint (CoMP) transmission has been known as the key enhancement for LTE Advance14,15. In CoMP, users
that are under coverage frommultiple base stations (BSs), are served by multiple coordinated BSs simultaneously to mitigate the20
inter-cell interference as well as improve cell-edge user (CEU) performance, which is vulnerable to inter-cell interference. How-
ever, in a traditional CoMP with OMA, all the involved BSs need to allocate the same resource to the CoMP users exclusively,
which cannot be utilized by the other users. Consequently, when the number of CoMP users increase, the spectral efficiency
become worse16.
To overcome the CoMP OMA problem, the NOMA scheme is utilized in the CoMP scenario16–19. Several studies have25
been conducted to combine CoMP with NOMA. In17, the Alamouti code is applied to the two coordinated BSs for the joint
transmission scenario. NOMA is also utilized by grouping two cell-center users (CCUs) and a single CEU. In this scenario, all
the CCUs act as a non-CoMP user, who also receive the interference from the coordinated neighboring BS; while CEU act as
a CoMP user. Additionally, multiple scenarios involving the coordinated two-points system are also studied in18 by employing
the coordinated beamforming and joint transmission scheme. The authors also compared the proposed CoMP NOMA scenario30
with the traditional CoMP OMA. In16, CoMP NOMAwith the three-points system is investigated with randomly deployed user.
Distributed analog beamforming is also applied at the transmitter to meet the CEU quality of service requirement. However, the
authors in16–18 only focus in a specific number of BSs such as two-points or three-points system, instead of a generalized CoMP
NOMA with 퐵 number of total BSs.
Recently, the a generalized opportunistic NOMA (ONOMA) in the CoMP system has been proposed in19. ONOMA was35
proposed to improve the capacity and reduce the complexity of CoMP NOMA. The mathematical analysis was also provided for
ONOMA. However, the previous work about CoMP NOMA in16–19, still focus on perfect channel state information (CSI). In
practical studies, the assumption of perfect CSI at the transmitter is impractical since obtaining perfect CSI requires enormous
consumption of the system overhead20. Moreover, in CoMP NOMA, many of users and multiple number of coordinated BSs are
involved, which cause a higher system overhead consumption than the general NOMA scenario.Moreover, serving high-mobility40
users, such as high speed trains and cars is required in the future wireless network1,20. Indeed, some studies have considered
imperfect CSI in NOMA20–23. However, the authors did not consider the coordination between multi-cell networks. Therefore,
the study on CoMP NOMA considering that CSI cannot be obtained perfectly, is also compulsory to design 5G frameworks.
In this paper, we consider downlink CoMP NOMA with 퐵 coordinated BSs, in the presence of imperfect CSI. The main
contributions of this paper are listed as follows:45
∙ Firstly, NOMA system is exploited in the downlink CoMP network to further enhance capacity. In16–18, CoMP NOMA
were proposed only with a specific number of BSs. Therefore, in this paper, we propose CoMPNOMAwith퐵 coordinated
BSs that can be applied to any number of coordinated BSs, CCUs, as well as CEUs.
∙ Due to the utilization of the NOMA scheme, two types of pairing scenarios are considered. Firstly, CEU is paired among
CCU with affected interference from the other coordinated BSs. In this case, either CCU or CEU will receive the signal50
from the other BSs. Otherwise, the second type of scenario, the CCU is only influenced from the main serving BS.
∙ The CoMP NOMA system is investigated if CSI cannot be obtained perfectly. Imperfect CSI is modeled with the presence
of channel estimation error where a priori of the variance of the error estimation is known. Moreover, instead of assuming
perfect SIC as in20, the imperfectness of SIC process is also considered, owing to channel estimation error effect.
3∙ The closed-form solution for the exact ergodic capacity of CoMP NOMA in the presence of channel estimation error is55
derived over independent Rayleigh fading channel. The closed-form solution can also be used to calculate the analytical
result in case of perfect CSI can be obtained.
∙ Finally, the simulation and analytical results are presented to provide the detailed performance of CoMP NOMA, with
and without the presence of imperfect CSI. The analytical and simulation results are shown simultaneously to validate the
correctness of the performance analysis.60
The rest of this paper is organized as follows: Section 2 presents the system and channel model of CoMP NOMA including
perfect CSI and channel estimation error. The closed-form solutions for the exact ergodic capacity of CCUs, CEUs, and sum
capacity are presented in Section 3. Then, Section 4 provides the detailed performance evaluation of CoMP NOMA in the
presence of channel estimation error. The closed-form solutions are also validated through the analytical and simulation results
in this section 4. Finally, Section 5 conclude of overall this paper.65
2 SYSTEM AND CHANNEL MODEL
In this section, the system model of 퐵 coordinated BSs of CoMP NOMA with perfect and imperfect CSI is presented. For
imperfect CSI, channel estimation error is modeled.
2.1 CoMP NOMA with perfect CSI
In this system, the power-based NOMA is applied to CoMP scheme. In NOMA, the users share same resource, which can be70
a time slot, a frequency resource, or a spreading code7,8. Consider the downlink coordinated multiple cells scenario with total
퐵 multiple BSs communicating with CCUs and CEUs simultaneously through the CoMP NOMA scenario. Let us suppose 퐺푘,
1 ≤ 푘 ≤ 퐾 , represents the 푘-th CoMP NOMA user grouping, which consists of the selected multiple CCUs and the single CEU.
The selected single CEU of 퐺푘 is denoted with CEU-푘, 1 ≤ 푘 ≤ 퐾 . For simplicity, we assume that a single BS only serves a
single CCU. Therefore, the 푖-th user of CCUs which near the coordinated BS-푖 is denoted with CCU-푖, 1 ≤ 푖 ≤ 퐵. Hence, a75
single CoMP NOMA group, consists of total 퐵 multiple CCUs and a single CCU as shown in Figure 1 . This user grouping
scheme is applied to maintain the channel gain difference of the NOMA scheme. For instance, the observed CoMP user CEU-
1 of 퐺1 performs the CoMP NOMA scheme with coordinated BS-1, BS-2 and BS-3. The CEU-1 will share same resource
with CCU-1, CCU-2, and CCU-3 within the CoMP NOMA group 퐺1 as shown in Figure 1 b . Consequently, the channel gain
difference between each user can be maintained. Note that maintaining the channel gain difference between paired/grouped users80
is important factor to maximize the capacity in the NOMA scheme6–8.
For each BS-푖, the superposition code is applied by the following NOMA scheme. Therefore, BS-푖 transmits the following
signal information
푥푖 =
√
훼푖푠푖 +
√
훼푘푠푘, (1)
where 푠푖 represents the desired signal for CCU-푖 from BS-푖, 푠푘 represents desired signal for CEU-푘, and 훼푖, 훼푘 are the normalized
power allocation to 푖-th and 푘-th user with conditions 훼푖 + 훼푘 = 1 and 훼푖 ≤ 훼푘 , respectively. For simplicity, we assume that 훼푖
and 훼푘 are determined to be constant to all BS as 훼 and 훽 16. In this system, the analysis is divided into two parts: CCU as the
non-CoMP users and CEU as the CoMP users.85
2.1.1 Cell-center user
In this scenario, the CCU-푖 is only served by BS-푖, which means CCU-푖 does not perform the CoMP scheme with the other BSs.
Further, the received signal of the observed CCU-푗, 1 ≤ 푗 ≤ 퐵 can be expressed as follows
푦푗 =
퐵∑
푖=1
ℎ푖푗
(√
훼푠푖 +
√
훽푠푘
)
+ 푛푗
= ℎ푗푗
(√
훼푠푗 +
√
훽푠푘
)
+
퐵∑
푖=1
푖≠푗
ℎ푖푗
(√
훼푠푖 +
√
훽푠푘
)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
interference from the other BSs
+푛푗 ,
(2)
4where ℎ푖푗 ∼ 퐶푁
(
0, 휎2푖푗 = 푑
−푣
푖푗
)
is denoted as channel coefficient from BS-푖 to observed CCU-푗 which follows independent
and identically distributed (i.i.d) Rayleigh fading, 푑푖푗 is distance normalization between transmit antenna of BS-푖 to observed
CCU-푗, 푣 is path loss exponent parameter, and 푛푗 ∼ 퐶푁(0, 1) represents noise at CCU-푗. Further, SIC is performed at all the
selected CCUs to remove the CEU signal before decoding its own signal. In case the CEU signal is perfectly removed, the
signal-to-interference noise ratio (SINR) of CCU-푗 can be calculated as follows
훾푗 =
훼|ℎ푗푗|2
퐵∑
푖=1
푖≠푗
훼|ℎ푖푗|2 + 1휌
, (3)
where 휌 represents the transmit signal-to-noise ratio (SNR).
2.1.2 Cell-edge user
The received signal for the observed CEU-푘 is given as follows
푦푘 =
퐵∑
푖=1
ℎ푖푘
(√
훼푠푖 +
√
훽푠푘
)
+ 푛푘, (4)
where ℎ푖푘 ∼ 퐶푁
(
0, 휎2푖푘 = 푑́
−푣
푖푘
) is denoted as the channel coefficient from BS-푖 to the observed CEU-푘, 푑́푖푘 represents dis-
tance normalization between transmit antenna of BS-푖 to observed CEU-푘, and 푛푘 ∼ (0, 1) represents noise at CEU-푘. By
implementing the joint transmission CoMP scheme18, compared to (3), the SINR value of 푘-th user is different shown below
훾푘 =
훽
퐵∑
푖=1
|ℎ푖푘|2
훼
퐵∑
푖=1
|ℎ푖푘|2 + 1휌
. (5)
2.2 CoMP NOMA with Imperfect CSI90
In this system, the imperfect CSI is modeled by using channel estimation. Note that channel estimation error model is widely
used to represent the imperfectness of CSI20,24,25. Let us suppose that the estimated channel between BS-푖 to CCU-푗 and CEU-푘
are represented as ℎ̂푖푗 and ℎ̂푖푘, respectively. The channel estimation error can be modeled as
휖푖푗 = ℎ푖푗 − ℎ̂푖푗 , (6)
휖푖푘 = ℎ푖푘 − ℎ̂푖푘, (7)
where 휖푖푗 ∼ 퐶푁
(
0, 휎2휖푖푗
)
and 휖푖푘 ∼ 퐶푁
(
0, 휎2휖푖푘
)
are channel estimation error from BS-푖 at CCU-푗 and CEU-푘, respectively.
In this system, we consider ℎ̂푖푗 and 휖푖푗 as well as ℎ̂푖푘 and 휖푖푘 are independently distributed. Therefore, the distribution of ℎ̂푖푗 and
ℎ̂푖푘 can be expressed as 퐶푁
(
0, 휎̂2푖푗 = 푑
−푣
푖푗 − 휎
2
휖푖푗
)
and 퐶푁
(
0, 휎̂2푖푘 = 푑́
−푣
푖푘 − 휎
2
휖푖푘
)
20,24,25.
For each user, the received signal and SINR calculation becomes different due to the channel estimation error phenomenon
which can be represent as follows:95
2.2.1 Cell-center user
The total received signals from BS-푖 at the observed CCU-푗 with channel estimation error is given as
푟푗 =
퐵∑
푖=1
(
ℎ̂푖푗 + 휖푖푗
) (√
훼푠푖 +
√
훽푠푘
)
+ 푛푗
= ℎ̂푗푗
(√
훼푠푗 +
√
훽푠푘
)
+
퐵∑
푖=1
푖≠푗
ℎ̂푖푗
(√
훼푠푖 +
√
훽푠푘
)
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
interference from the other BSs
+휖푖푗
(√
훼푠푖 +
√
훽푠푘
)
+ 푛푗 .
(8)
5(a) The system model of CoMP NOMA with 퐵 coordinated BSs within a
single group 퐺푘 with same frequency resource
(b) The observed CoMP NOMA group 퐺1 with 퐵 = 3
FIGURE 1 System model of CoMP NOMA within a single group
Note that even though CCU-푗 does not perform CoMP scheme with the other BSs, CCU-푗 still needs to estimate 퐵 number of
incoming signals, owing to the necessity of knowing channel information for decoding its own signal and SIC process. Similar
with perfect CSI case, SIC is also applied at each CCU-푗. Therefore, the CCU-푗 needs to decode and remove the grouped CEU-푘
signal before decoding its own signal with
휁푗,푘 =
훽
퐵∑
푖=1
|ℎ̂푖푗|2
퐵∑
푖=1
(
훼|ℎ̂푖푗|2 + 휎2휖푖푗) + 1휌
, (9)
where 휁푗,푘 is denoted as received SINR to decode the CEU-푘 signal at CCU-푗 in the presence of channel estimation error. Finally,
SINR at CCU-푗 to decode its own message with the presence of channel estimation error can be written as
휁푗 =
훼|ℎ̂푗푗|2
훼
퐵∑
푖=1
푖≠푗
|ℎ̂푖푗|2 + 퐵∑
푖=1
휎2휖푖푗 + Υ +
1
휌
, (10)
6where Υ is denoted as the residual interference due to CEU-푘 signal may not be canceled perfectly at CEU-푖, owing to impact
of estimation error in (9) during SIC process. The imperfect SIC may be occurred due to channel estimation error, bad pairing,
and/or imperfections in the SIC process.
2.2.2 Cell-edge user100
For the observed CEU-푘, the total received signal in the presence of channel estimation error is given as
푟푘 =
퐵∑
푖=1
(
ℎ̂푖푘 + 휖푖푘
) (√
훼푠푖 +
√
훽푠푘
)
+ 푛푘. (11)
At CEU, the multiple desired signals from all coordinated BSs are required to be detected. Consequently, the CEU also needs
to estimate the incoming signal from all the coordinated BSs. Therefore, in the presence of channel estimation error, the SINR
of CEU-푘 is given as
휁푘 =
훽
퐵∑
푖=1
|ℎ̂푖푘|2
퐵∑
푖=1
(
훼|ℎ̂푖푘|2 + 휎2휖푖푘) + 1휌
. (12)
where 휁푘 is denoted as SINR of CEU-푘 to decode its own signal by considering all the grouped CCUs signal as noise.
3 ERGODIC CAPACITY ANALYSIS
In this section, we derive the closed-form solutions for the exact ergodic capacity of the proposed CoMP NOMA in the presence
of imperfect CSI over independent Rayleigh flat fading channel. For perfect CSI, the closed-forms can be obtained by setting up
channel estimation error variance to zero. For each observed 퐺푘 CoMP NOMA group, the allocated bandwidth is set with 퐵푊105
= 1 Hz. For CCU, the closed-form is derived for two conditions, CCU with and without interference from the other BSs.
3.1 Ergodic capacity of CCU
Given instantaneous of received SINR in (10), the achievable capacity of the observed CCU-푗 is expressed as follows
퐶푗,CCU = log2(1 + 휁푗)
= log2
⎛⎜⎜⎜⎜⎜⎜⎝
1 +
훼휌|ℎ̂푗푗|2
훼휌
퐵∑
푖=1
푖≠푗
|ℎ̂푖푗|2 + 휌 퐵∑
푖=1
휎2휖푖푗 + 휌Υ + 1
⎞⎟⎟⎟⎟⎟⎟⎠
= log2
⎛⎜⎜⎜⎜⎜⎜⎝
훼휌
퐵∑
푖=1
|ℎ̂푖푗|2 + 휌 퐵∑
푖=1
휎2휖푖푗 + 휌Υ + 1
훼휌
퐵∑
푖=1
푖≠푗
|ℎ̂푖푗|2 + 휌 퐵∑
푖=1
휎2휖푖푗 + 휌Υ + 1
⎞⎟⎟⎟⎟⎟⎟⎠
.
(13)
Using log푛(푥∕푦) = log푛(푥) − log푛(푦), (13) can be derived as
퐶푗,CCU = log2
⎛⎜⎜⎜⎜⎜⎝
훼휌
퐵∑
푖=1
|ℎ̂푖푗|2 + 휌 퐵∑
푖=1
휎2휖푖푗 + 휌Υ + 1
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
푎
⎞⎟⎟⎟⎟⎟⎠
− log2
⎛⎜⎜⎜⎜⎜⎝
훼휌
퐵∑
푖=1
푖≠푗
|ℎ̂푖푗|2 + 휌 퐵∑
푖=1
휎2휖푖푗 + 휌Υ + 1
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
푎
⎞⎟⎟⎟⎟⎟⎠
. (14)
7Then, by using (14), the ergodic capacity for CCU-푗 is given
퐶exact푗,CCU = 퐸{퐶푗,CCU}
=
∞
∫
0
log2 (푥 + 푎) 푓푋푗 (푥)푑푥 −
∞
∫
0
log2 (푦 + 푎) 푓푌푗 (푦)푑푦,
(15)
where 퐸 is denoted as the expectation operator, and 푎 = 휌
퐵∑
푖=1
휎2휖푖푗 + 휌Υ+1. Using the probability density function of 푓푋푗 (푥) and
푓푌푗 (푦)which are derived in Appendix A, if more than two BSs are involved in the CoMP scheme (퐵 ≥ 3), (15) can be written as
퐶exact푗,CCU =
∞
∫
0
log2 (푥 + 푎)
⎛⎜⎜⎜⎝
퐵∑
푖=1
푓푋푖푗 (푥)
퐵∏
ℎ=1
ℎ≠푖
푘ℎ푗
푘ℎ푗 − 푘푖푗
⎞⎟⎟⎟⎠ 푑푥 −
∞
∫
0
log2 (푦 + 푎)
⎛⎜⎜⎜⎜⎝
퐵∑
푖=1
푖≠푗
푓푌푖푗 (푦)
퐵∏
ℎ=1
ℎ≠푖
ℎ≠푗
푘ℎ푗
푘ℎ푗 − 푘푖푗
⎞⎟⎟⎟⎟⎠
푑푦. (16)
Substituting (29) and (30) to 푓푋푖푗 (푥) and 푓푌푖푗 (푦) in (16), the 퐶exact푗,CCU can be written as
퐶exact푗,CCU =
∞
∫
0
log2 (푥 + 푎) ×
⎛⎜⎜⎜⎝
퐵∑
푖=1
푘푖푗 exp(−푘푖푗푥)
퐵∏
ℎ=1
ℎ≠푖
푘ℎ푗
푘ℎ푗 − 푘푖푗
⎞⎟⎟⎟⎠ 푑푥
−
∞
∫
0
log2 (푦 + 푎) ×
⎛⎜⎜⎜⎜⎝
퐵∑
푖=1
푖≠푗
푘푖푗 exp(−푘푖푗푦)
퐵∏
ℎ=1
ℎ≠푖
ℎ≠푗
푘ℎ푗
푘ℎ푗 − 푘푖푗
⎞⎟⎟⎟⎟⎠
푑푦.
(17)
Then, by using equation ∫ ∞0 exp(−휇푥) ln (훽 + 푥)푑푥 = 1휇 [ln(훽) − exp(훽휇)Ei(−훽휇)]26, eq.(4.337.1) and log2(푥) = ln(푥)ln(2) , the finalexpression of 퐶exact푗,CCU with 퐵 ≥ 3 can be written
퐶exact푗,CCU =
1
ln(2)
퐵∑
푖=1
(
ln(푎) − exp(푎푘푖푗)Ei(−푎푘푖푗)
)
×
퐵∏
ℎ=1
ℎ≠푖
푘ℎ푗
푘ℎ푗 − 푘푖푗
− 1
ln(2)
퐵∑
푖=1
푖≠푗
(
ln(푎) − exp(푎푘푖푗)Ei(−푎푘푖푗)
)
×
퐵∏
ℎ=1
ℎ≠푖
ℎ≠푗
푘ℎ푗
푘ℎ푗 − 푘푖푗
, 퐵 ≥ 3.
(18)
In case only two BSs are involved in the CoMP scheme, the 푓푌푗 (푦) follows (34) in Appendix A. Therefore, (15) is derived as
퐶exact푗,CCU =
∞
∫
0
log2 (푥 + 푎)
⎛⎜⎜⎜⎝
2∑
푖=1
푓푋푖푗 (푥)
2∏
ℎ=1
ℎ≠푖
푘ℎ푗
푘ℎ푗 − 푘푖푗
⎞⎟⎟⎟⎠ 푑푥
−
∞
∫
0
log2 (푦 + 푎) 푘푖푗 exp(−푘푖푗푦)푑푦, 퐵 = 2.
(19)
Let푊푗 ≜ 휌훼|ℎ̂푗푗 |2
1+휌
퐵∑
푖=1
휎2휖푖푗+휌Υ
, if the CEU is paired with CCU without interference from the other BSs,
퐵∑
푖=1,푖≠푗 |ℎ̂푖푗|2 = 0, the capacity
of CCU can be written
퐶exact푗,CCU =
∞
∫
0
log2 (푤 + 1) 푓푊푗푗 (푤)푑푤
=
∞
∫
0
log2 (푤 + 1) 푛푗푗 exp(−푛푗푗푤)푑푤,
(20)
8where 푛푗푗 =
1+휌
퐵∑
푖=1
휎2휖푖푗+휌Υ
휌훼휆̂푗푗
, and 휆̂푗푗 represents the mean of the 푗-th exponential random variable (RV) of 푊푗 . Then, the exact
ergodic capacity of CCU if the interference from the other BSs is not available, can be written as
퐶exact푗,CCU = −
Ei(−푛푗푗) exp(푛푗푗)
ln(2) 퐵 ≥ 2, (21)
where Ei(.) represents the exponential integral function.
3.2 Ergodic capacity of CEU
The CEU applies the CoMP scheme which involve 퐵 number of BSs to improve the spectral efficiency. To accomplish, CEU
also needs to estimate 퐵 number of the incoming signals, which be able to increase the error estimation possibility. Given the
instantaneous received SNR in (12), the instantaneous capacity of CEU-푘 can be written
퐶푗,CEU = log2(1 + 휁푘)
= log2
⎛⎜⎜⎜⎜⎝
1 +
훽
퐵∑
푖=1
|ℎ̂푖푘|2
퐵∑
푖=1
(
훼|ℎ̂푖푘|2 + 휎2휖푖푘) + 1휌
⎞⎟⎟⎟⎟⎠
= log2
⎛⎜⎜⎜⎜⎝
휌
퐵∑
푖=1
|ℎ̂푖푘|2 + 휌 퐵∑
푖=1
휎2휖푖푘 + 1
훼휌
퐵∑
푖=1
|ℎ̂푖푘|2 + 휌 퐵∑
푖=1
휎2휖푖푘 + 1
⎞⎟⎟⎟⎟⎠
.
(22)
Then, by using log푛( 푥푦 ) = log푛(푥) − log푛(푦), (22) can be expressed as
퐶푗,CEU = log2
⎛⎜⎜⎜⎜⎜⎝
휌
퐵∑
푖=1
|ℎ̂푖푘|2 + 휌 퐵∑
푖=1
휎2휖푖푘 + 1
⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
푏
⎞⎟⎟⎟⎟⎟⎠
− log2
⎛⎜⎜⎜⎜⎜⎝
훼휌
퐵∑
푖=1
|ℎ̂푖푘|2 + 휌 퐵∑
푖=1
휎2휖푖푘 + 1
⏟⏞⏞⏞⏞⏟⏞⏞⏞⏞⏟
푏
⎞⎟⎟⎟⎟⎟⎠
. (23)
Using (23), the ergodic capacity of observed CEU-푘 can be obtained as
퐶exact푘,CEU = 퐸{퐶푘}
=
∞
∫
0
log2 (푥 + 푏) 푓푋푘(푥)푑푥 −
∞
∫
0
log2 (푦 + 푏) 푓푌푘(푦)푑푦,
(24)
where 푏 = 휌∑퐵푖=1 휎2휖푖푘 + 1. By substituting 푓푋푘(푥) and 푓푌푘(푦) with (39) and (40) in Appendix A, (24) is given as
퐶exact푘,CEU =
∞
∫
0
log2 (푥 + 푏)
퐵∑
푖=1
푓푋푖푘(푥)
퐵∏
ℎ=1
ℎ≠푖
푙ℎ푘
푙ℎ푘 − 푙푖푘
푑푥
−
∞
∫
0
log2 (푦 + 푏)
퐵∑
푖=1
푓푌푖푘(푦)
퐵∏
ℎ=1
ℎ≠푖
푚ℎ푘
푚ℎ푘 − 푚푖푘
푑푦.
(25)
9FIGURE 2 Distance representation of CoMP NOMA with study case 퐵 = 2. 푟11 = 0.45, 푟22 = 0.5, and 푟́11 = 0.9.
Note that 푓푋푖푘(푥) and 푓푌푖푘(푦) can be obtained from (35) and (36). Therefore, (25) is written as
퐶exact푘,CEU =
∞
∫
0
log2 (푥 + 푏) ×
퐵∑
푖=1
푙푖푘 exp(−푙푖푘푥)
퐵∏
ℎ=1
ℎ≠푖
푙ℎ푘
푙ℎ푘 − 푙푖푘
푑푥
−
∞
∫
0
log2 (푦 + 푏) ×
퐵∑
푖=1
푚푖푘 exp(−푚푖푘푦)
퐵∏
ℎ=1
ℎ≠푖
푚ℎ푘
푚ℎ푘 − 푚푖푘
푑푦,
(26)
Finally, by using similar approach in (16)-(18), the closed-form for exact ergodic capacity of CEU-푘 is given as
퐶exact푘,CEU =
1
ln(2)
퐵∑
푖=1
(
ln(푏) − exp(푏푙푖푘)Ei(−푏푙푖푘)
)
×
퐵∏
ℎ=1
ℎ≠푖
푙ℎ푘
푙ℎ푘 − 푙푖푘
− 1
ln(2)
퐵∑
푖=1
(
ln(푏 − exp(푏푚푖푘)Ei(−푏푚푖푘)
)
×
퐵∏
ℎ=1
ℎ≠푖
푚ℎ푘
푚ℎ푘 − 푚푖푘
, 퐵 ≥ 2.
(27)
3.3 Sum capacity110
The total capacity for observed CoMP NOMA in the 푘-th group can be expressed by the total capacity of the involved users,
including CoMP and non-CoMP users
퐶exact퐺푘,sum = 퐶
exact
푘,CEU +
퐵∑
푗=1
퐶exact푗,CCU. (28)
The conventional CoMP OMA scheme is considered for comparison. However, in the OMA scheme, the available resource is
divided exclusively and equally to the involved user. Therefore, the interference from the other BSs is not considered in each
user for this scheme.
4 RESULTS AND DISCUSSION
In this section, the detailed results of CoMP NOMA, with perfect and imperfect CSI, is presented and discussed. Both numerical115
and analytical results are provided to evaluate the performance of the proposed model. The same results between the simulation
and analytical results prove the correctness of the performance analysis. The pairing scheme is conducted following two cases.
Firstly, Case I, CEU-푘 is paired among CCU-푗, which also receives the signal from the other BSs. In this case, CCU-푗 will
consider incoming signal aside from its serving BS as interference. Otherwise, for Case II, CEU has a good pairing, so that
only CEU receives the signal from the other BSs. For general parameters, we set the maximum radius model cell with distance120
normalization as 푟 = 1, the imperfectness of SIC as Υ = −25 dB, and the height of BS as ℎ = 0.05. In the study case with
퐵 = 2, we assume that BSs, CCU, and CEU in each cell are located in a parallel line as modeled in Figure 2 . In case 퐵 = 3,
the distance model is represented in Figure 3 , where all BSs is connected and create equilateral triangle line between them.
The distance between BS-푖 to its served CCU-푗 location is represented as 푟푗푗 and to CEU-푘 is represented as 푟́푖푘, respectively.
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FIGURE 3 2D distance representation of CoMP NOMA with study case 퐵 = 3 within a group G-1. 푟11 = 0.45, 푟22 = 0.5,
푟33 = 0.55, 푟́11 = 0.9, 푟́21 = 2푟 − 푟́11, and 푟́31 =
√
(2푟)2 + 푟́211 − 2(2푟)푟́11 cos(
휋
3
).
FIGURE 4 Ergodic sum capacity comparison between CoMP OMA and CoMP NOMA (Case I and Case II) with perfect and
imperfect CSI. 훽 = 0.95 and Υ = −25 dB.
Then, the distance normalization between transmit antenna of BS and each user can be calculated by using the trigonometry and125
cosines laws, following Figs 2 and 3 . Note that the number of BSs can be further extended (퐵 ≥ 2), as long as the distance
normalization between transmit antenna of BS and each user is obtained. Then, the value of path loss exponent 푣 is set as 4.
We also consider the power allocation factor for CCU and CEU are 훼 = 0.05 and 훽 = 0.95, respectively, excluding for Figure
8 . For all the variance of the error estimation parameters 휎2휖푖푗 and 휎2휖푖푘 , we set with same value as 휎2휖 . Moreover, the singleCoMP NOMA group is assumed for sum ergodic capacity analysis. For multi-grouping scheme, it can be extended based on130
user pairing or grouping scheme in7,8,27.
In Figure 4 , we present the ergodic sum capacity comparison between CoMP OMA and CoMP NOMA with both perfect
and imperfect CSI with channel estimation error. We also evaluate ergodic sum capacity in case the number of coordinated BSs
increase for CoMP NOMA. In CoMP NOMA, the allocated bandwidth is shared to all the involved users within the CoMP
11
FIGURE 5 Ergodic sum capacity comparison between CoMP NOMA in the study case of 퐵 = 2 and 퐵 = 3 (Case I), with
imperfect CSI. 훽 = 0.95 and Υ = −25 dB.
FIGURE 6 Ergodic sum capacity of CCUs comparison between CoMP OMA and CoMP NOMA (Case I) with imperfect CSI.
훽 = 0.95, Υ = −25 dB, and 휌 = 20 dB.
NOMA group while the allocated bandwidth in CoMP OMA is divided equally to each user for maintaining the orthogonality.135
Figure 4 shows that CoMP NOMA can improve more than CoMP OMA for both perfect and imperfect CSI conditions, even
though CoMP NOMA also suffers from other BSs interference. The interference can be occurred at CCU in case the other
BSs signals are received by CCU, owing to the NOMA scheme exploitation in the CoMP system, which allows multiple users
to utilize the same frequency resource. Furthermore, if interference from the other BSs to all grouped CCUs is neglected or
not occurred, further considerable capacity gain can be obtained. This condition can be achieved by employing a suitable user140
grouping scheme between CCU and CEU, thus, the interference can be avoided.
Even though CoMP NOMA with two BSs can improve capacity, further capacity improvement can be obtained by increasing
the number of coordinated BSs. As shown in Figure 4 , by adding the number of coordinated BSs from 2 to 3, the ergodic sum
capacity improves considerably for both perfect CSI and channel estimation error cases. In CoMP NOMA with all the grouped
CCUs with interference from the other BSs, it is proven that CoMP NOMA (퐵 = 3) still outperforms CoMP NOMA (퐵 = 2)145
around 4 bits/Hz/s and 2.6 bits/Hz/s for perfect CSI and channel estimation error (휎2휖 = 0.001) at 휌 = 25 dB. A similar trend alsooccurs for all CCUs without interference from the other BSs. It means that the sum capacity still can be improved by increasing
the number of coordinated BSs in CoMP NOMA, even though CCU and CEU also experience 퐵 numbers of channel estimation
error.
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FIGURE 7 Ergodic capacity comparison CCU-1 and CEU-1 CoMP NOMA (퐵 = 2 and 퐵 = 3) with imperfect CSI (Case I).
훽 = 0.95, Υ = −25 dB, and 휌 = 20 dB.
FIGURE 8 Impact of power allocation factor to CCU-1 and CEU-1 CoMP NOMA with imperfect CSI (Case I). Υ = −25 dB
and 휌 = 20 dB.
In Figure 5 , the ergodic sum capacity comparison for CoMP NOMA with 퐵 = 2 and 퐵 = 3 is analyzed including impact150
of the presence of channel estimation error over various transmit SNR values. Overall, CoMP NOMA with 퐵 = 3 outperforms
CoMP NOMA with 퐵 = 2 over all channel estimation error and transmit SNR condition even though increasing more coordi-
nated BS can lead to additional interference and channel estimation error. As discussed in (13) and (22), by adding the number of
coordinated BS, the additional interference also affects CCU and CEU. Moreover, CCU and CEU must estimate the additional
incoming signal that can increase error estimation effect. Figure 5 shows that channel estimation error provides considerable155
capacity degradation at high SNR compared to low SNR. For퐵 = 2, the ergodic sum capacity is degraded to around 3.4 bits/Hz/s
at 휌 = 30 and only 1.33 bits/Hz/s at 휌 = 10 from 휎2휖 = 0.01 to 휎2휖 = 0.05. However, by exploiting the non-orthogonal channelof NOMA scheme, further sum capacity improvement still can be achieved with an increase of coordinated BSs throughout all
channel estimation error parameters and 휌.
In Figure 6 , the ergodic sum capacity of CCUs is evaluated in the presence of channel estimation error. In CoMP OMA,160
CEU is exclusively allocated frequency resource that can not be used by the other users. Otherwise, CoMP NOMA allows CEU
to share its resource with CCU. Therefore, as shown in Figure 6 , CCUs CoMP NOMA has higher sum capacity than CCUs
CoMP OMA. Moreover, by adding coordinated BS to the system, the ergodic sum capacity of CCUs also increase significantly.
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At 휎2휖 = 0.04, CoMP NOMA with 퐵 = 3 obtain the capacity gain around 1.5 bits/Hz/s, and 4.2 bits/Hz/s from CoMP NOMAwith 퐵 = 2 and CoMP OMA with 퐵 = 3.165
In Figure 7 , the ergodic capacity of a single CCU and CEU are compared and analyzed along with the impact of channel
estimation error and increasing the number of coordinated BSs. In this result, we only consider CCU-1 and CEU-1 as analysis
representation of CCU and CEU, which means sum ergodic capacity of CCUs or CEUs is not considered. This representation is
also used for Figure 8 . As shown in Figure 7 , the CCU-1 CoMP NOMA with 퐵 = 3 outperforms CCU-1 CoMP NOMA with
퐵 = 2 at whole channel estimation error condition, even though CCU-1 with 퐵 = 3 requires estimating more incoming signals.170
As discussed in (12), by increasing the number of coordinated BS, CEU needs to share the available resource with all paired
CCUs, causing the increase of intra-pair interference which lead to capacity degradation. Conversely, CEU-1 with 퐵 = 2 has
higher capacity than 퐵 = 3 because CEU with 퐵 = 2 receives less intra-pair interference than CEU with 퐵 = 3. Figure 7 also
shows that CCU-1 experiences higher capacity degradation (휎2휖 = 0 to 휎2휖 = 0.05) due to channel estimation error compared toCEU-1 for both CoMP NOMA with 퐵 = 2 and 퐵 = 3. The main reason of this phenomenon is that CCU acts as non-CoMP175
users, while CEU acts as CoMP user. Therefore, CEU can obtain benefit from all incoming signal, whereas CCU suffers from
interference from all incoming signals from the other BSs.
Finally, the impact of power allocation factor toward CCU and CEU CoMP NOMA with the presence of channel estimation
error, is evaluated in Figure 8 . For 휎2휖 = 0.05, CCU-1 has higher capacity than CEU-1, if the CEU-1 power allocation 훽 islower than 0.93. Otherwise, the ergodic capacity overwhelms CCU-1. It is clearly shown that CEU needs to be allocated with180
much higher power than CCU (훽 >> 훼) in to maintain their capacity simultaneously.
5 CONCLUSION
In this paper, we have evaluated the proposed CoMP NOMA with perfect and imperfect CSI. Further, CCU and CEU have been
analyzed in two types of scenarios, respect to consideration of the interference from the other BSs. The closed-form solutions
for the exact ergodic capacity of CCU, CEU, and their sum have been derived as well. The result shows that CoMP NOMA185
outperforms the CoMPOMA especially if CEU are grouped among CCUs without any interference from the other BSs. It is also
shown that the error estimation can lead to capacity degradation for both CCU and CEU of CoMP NOMA and CoMP OMA. In
CoMPNOMA, the impact of channel estimation error is less significant at CEU compared to CCU due to utilization of incoming
signals from all coordinated BSs. In addition, the capacity of CoMP NOMA can be further enhanced by increasing the number
of coordinated BSs for both perfect and imperfect CSI conditions. It is confirmed that CoMP NOMA with 퐵 = 3 considerably190
improves capacity compared with CoMP NOMA with 퐵 = 2. Power allocation factor also plays an important role to CoMP
NOMA. It is shown that CEU needs to be allocated with much higher power than CCU to maintain their capacity simultaneously.
In future, the power optimization technique and user pairing schemes of CoMP NOMA with imperfect CSI will also be
essential issues to further maximize the capacity.
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APPENDIX A
Derivation of 푓푋푗 (푥) and 푓푌푗 (푦) for ergodic capacity of CCU
Let us suppose푋푗 ≜ 훼휌∑퐵푖=1 |ℎ̂푖푗|2 and 푌푗 ≜ 훼휌∑퐵푖=1,푖≠푗 |ℎ̂푖푗|2 . Then, the PDF of푋푗 can be calculated by using sum of total 퐵i.i.d exponential RVs with different parameters and 푌푗 can be also calculated by using sum of total 퐵 − 1 i.i.d exponential RVs
with different parameters. The parameters of exponential RVs are assumed to be different due to the distance for each BS-푖 with
CCU-푗 is different, which cause the channel gain variance is also different for each ℎ̂푖푗 . For each exponential RV, the PDF can
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be expressed as
푓푋푖푗 (푥) =
푑(퐹푋푖푗 (푥))
푑푥
=
푑(1 − exp(−푘푖푗푥))
푑푥
= 푘푖푗 exp(−푘푖푗푥),
(29)
푓푌푖푗 (푦) =
푑(퐹푌푖푗 (푦))
푑푦
=
푑(1 − exp(−푘푖푗푦))
푑푦
= 푘푖푗 exp(−푘푖푗푦),
(30)
where 푘푖푗 represents each parameter of exponential RVs, which is written as
푘푖푗 =
1
훼휌휆푖푗
, (31)
and 휆푖푗 represents the mean of the 푖-th exponential RVs of 푋푗 and 푌푗 . Then, by using sum exponential random variable with
different variable concept in28, eq. 7, the PDF of 푋푗 and 푌푗 can be derived as
푓푋푗 (푥) = 푓푋푖푗+푋(푖+1)푗+...+푋퐵푗 (푥)
=
퐵∑
푖=1
푓푋푖푗 (푥)
퐵∏
ℎ=1
ℎ≠푖
푘ℎ푗
푘ℎ푗 − 푘푖푗
, 퐵 ≥ 2. (32)
푓푌푗 (푦) = 푓푌푖푗+푌(푖+1)푗+...+푌퐵푗 (푦), 푖 ≠ 푗
=
퐵∑
푖=1
푖≠푗
푓푌푖푗 (푦)
퐵∏
ℎ=1
ℎ≠푖
ℎ≠푗
푘ℎ푗
푘ℎ푗 − 푘푖푗
, 퐵 ≥ 3. (33)
However, if 퐵 = 2, the PDF of 푓푌푗 only consists with a single exponential RV. Therefore, the PDF is given as
푓푌푗 (푦) = 푘푖푗 exp (−푘푖푗푦), 퐵 = 2 and 푖 ≠ 푗. (34)
Derivation of 푓푋푘(푥) and 푓푌푘(푦) for ergodic capacity of CEU200
Let us suppose 푋푘 ≜ 휌∑퐵푖=1 |ℎ̂푖푘|2 and 푌푘 ≜ 훼휌∑퐵푖=1 |ℎ̂푖푘|2. 푋푘 and 푌푘 are sum of total 퐵 i.i.d exponential RVs with differentmean parameter. Using similar approach in (29) and (30), the PDF of each element 푋푘 and 푌푘 is given
푓푋푖푘(푥) =
푑(퐹푋푖푘(푥))
푑푥
=
푑(1 − exp(−푙푖푘푥))
푑푥
= 푙푖푘 exp(−푙푖푘푥),
(35)
푓푌푖푘(푦) =
푑(퐹푌푖푗 (푦))
푑푦
=
푑(1 − exp(−푚푖푘푦))
푑푦
= 푚푖푘 exp(−푚푖푘푦),
(36)
where 푙푖푘 and 푚푖푘 represent each parameter of element exponential RVs of 푋푘 and 푌푘, which are given by
푙푖푘 =
1
휌휆푖푘
, (37)
푚푖푘 =
1
훼휌휆푖푘
, (38)
where 휆푖푘 represents the mean of the 푖-th exponential RVs of푋푘 and 푌푘. Then, following equation in28, eq. 7, the PDF of푋푘 and
푌푘 can be written by
푓푋푘(푥) = 푓푋푖푘+푋(푖+1)푘+...+푋퐵푘(푥)
=
퐵∑
푖=1
푓푋푖푘(푥)
퐵∏
ℎ=1
ℎ≠푖
푙ℎ푘
푙ℎ푘 − 푙푖푘
, 퐵 ≥ 2 (39)
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푓푌푘(푦) = 푓푌푖푘+푌(푖+1)푘+...+푌퐵푘(푦)
=
퐵∑
푖=1
푓푌푖푘(푦)
퐵∏
ℎ=1
ℎ≠푖
푚ℎ푘
푚ℎ푘 − 푚푖푘
, 퐵 ≥ 2. (40)
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